It is currently assumed that the assimilation of sulfur into reduced forms occurs predominantly in the leaves of plants. However, developing seeds have a strong requirement for sulfur amino acids for storage protein synthesis. We have assessed the capacity of developing seeds of narrow-leaf lupin (Lupinus angustifolius) for sulfur assimilation. Cotyledons of developing lupin seeds were able to transfer the sulfur atom from 35 S-labeled sulfate into seed proteins in vitro, demonstrating the ability of the developing cotyledons to perform all the steps of sulfur reduction and sulfur amino acid biosynthesis. Oxidized sulfur constituted approximately 30% of the sulfur in mature seeds of lupins grown in the field and almost all of the sulfur detected in phloem exuded from developing pods. The activities of three enzymes of the sulfur amino acid biosynthetic pathway were found in developing cotyledons in quantities theoretically sufficient to account for all of the sulfur amino acids that accumulate in the protein of mature lupin seeds. We conclude that sulfur assimilation by developing cotyledons is likely to be an important source of sulfur amino acids for the synthesis of storage proteins during lupin seed maturation.
The sulfur-containing amino acid Met is essential for animal nutrition, but is present in limiting amounts in many plants used for feed. This is particularly true of legume seeds (Waddell, 1958) . Animal diets containing ingredients such as soybeans, peas, or lupins (Lupinus angustifolius) are supplemented with synthetic Met to correct the deficit in sulfur amino acids. There is some variation in the sulfur amino acid contents of different pulse cultivars, but plant breeders have met with only limited success in increasing seed Cys and Met (Schroeder, 1982) . As an approach to understanding what limits the sulfur amino acid content of pulse seeds we investigated the capacity of developing lupin seeds for the reduction and assimilation of sulfur.
Plants take up sulfur from the soil, mainly in the form of sulfate. After transport into roots via transmembrane transporters (Smith et al., 1995) , sulfate moves into the vasculature and then to the leaves, which are presumed to be the major sites of sulfur assimilation in the plant (Hell, 1997; Leustek and Saito, 1999; Saito, 2000) . The reduction of sulfur is thought to occur predominantly in leaf chloroplasts where reducing power from photosynthesis is harnessed to convert sulfate to sulfide. Sulfide is then combined with the amino acid skeleton of O-acetylSer, producing Cys (Fig. 1) . A subsequent series of reactions produces Met from Cys and O-phosphohomo-Ser (Ravanel et al., 1998) . Although sulfur reduction and Cys biosynthesis are thought to take place mainly in plastids, enzymes of the sulfur metabolic pathway have been found in multiple subcellular compartments (Lunn et al., 1990; Ruffet et al., 1995) and in non-photosynthetic organs (Rolland et al., 1992) .
The re-distribution of sulfur within plants under conditions of sulfur nutritional deficiency has been extensively studied (Zhao et al., 1996; Sunarpi and Anderson, 1997; Blake-Kalff et al., 1998) . However, the delivery of sulfur to developing seeds, particularly under conditions of adequate sulfur supply, has not been thoroughly investigated. The extent to which sulfur reduction, or sulfur amino acid biosynthesis, occurs in developing seeds in vivo has not been specifically established. Sulfate is abundant in the leaves and roots of plants (Bell et al., 1990; Zhao et al., 1996; Blake-Kalff et al., 1998) and has been shown to be phloem mobile (Rennenberg, 1984) . If sulfate were the predominant form of sulfur being transported into the seed during maturation, it would have to undergo assimilation into organic forms in the seed itself. Sulfur is also stored and transported within the plant in organic forms, most notably as the tripeptide, glutathione (Lappartient and Touraine, 1996; Noctor et al., 1998) . Glutathione can be metabolized to yield Cys, which can in turn be converted to Met, thereby supplying sulfur amino acids for protein synthesis. S-methyl-Met (SMM) is another abundant sulfur metabolite recently pro-posed to have an important role in sulfur storage and distribution in plants (Bourgis et al., 1999) .
The aims of this study were to determine whether developing lupin seeds are capable of sulfur reduction and assimilation into amino acids, and to estimate the quantitative importance of sulfur assimilation in developing cotyledons to the accumulation of the stored, organic sulfur in the mature lupin seed. We demonstrate here that the sulfur arriving in developing lupin pods, via the phloem, is predominantly in an oxidized, rather than a reduced form. Developing cotyledons were able to incorporate sulfur atoms from sulfate into protein, demonstrating their capacity for sulfur reduction and sulfur amino acid biosynthesis in vitro. The activities of three enzymes of the sulfur amino acid biosynthetic pathway were found in developing cotyledons in quantities theoretically sufficient to account for all of the sulfur amino acids that accumulate in the protein of mature lupin seeds. We postulate that sulfur assimilation by developing cotyledons themselves is an important source of sulfur amino acids for the synthesis of lupin seed storage proteins.
RESULTS

Quantification of Sulfur in Organs of Lupin
X-ray fluorescence spectrometry (XRFS) was used to quantify oxidized and reduced sulfur in lupin seeds. XRFS is a fast and reliable technique for determining the content of sulfur in plant material. For S, the K␣ transition shows dependence on chemical bonding of the atom, particularly on the oxidation number. Thus, there is a small SK␣ line shift between the valences of the two main forms of sulfur present in plant material (sulfate, oxidation no. ϩ6, and sulfur amino acids, oxidation number Ͻ 0). Because the difference is small, there is considerable overlap of the peaks for oxidized and reduced S; however, they can be reliably quantified with a conventional XRFS using a germanium crystal and calibration with oxidized and reduced S standards. It has been demonstrated that the oxidized and reduced S measured in this way correspond mainly to sulfate and total sulfur amino acids, respectively, in plant material (Pinkerton et al., 1989) .
Mature seeds from lupins grown in pots of soil with a gypsum supplement contained 116 mol of atomic sulfur per gram of dry weight. Over 40% of this sulfur was in an oxidized form (Table I) . Similar results were obtained for seed from lupins grown in sand and watered with nutrient solution containing 3 mm MgSO 4 . Sulfur was also measured in seed from lupins grown in the field over two seasons. The sulfur content of the field-grown seed was lower than that of the greenhouse-grown lupins, but oxidized sulfur still contributed a substantial proportion (over 25%) of the total (Table I ). The reduced sulfur contents were similar in the lupin seeds grown in all three conditions. The sulfur contents of other lupin organs were quantified by analyzing freeze-dried samples of leaves, upper lateral stems, pods, and developing seeds of plants grown in sand and watered with 3 mm sulfate. All organs contained significant amounts of oxidized S: in most cases oxidized S constituted 30% to 50% of the total sulfur detected (Table II) . In the upper lateral stems, oxidized S was extremely abundant, constituting 1.47% of the organ dry weight. Leaves and pooled, whole, developing seeds (representing a range of stages from early to late maturation) contained relatively high concentrations of reduced sulfur (Table II) . In developing seeds that were dissected into cotyledon and testa, the higher concentrations of reduced and oxidized sulfur were found to be in the cotyledon. Testa, pod, and stem all contained relatively low concentrations of reduced sulfur, probably reflecting a lower protein content than the other organs. Table I . Sulfur in mature seed of soil-grown or nutrient-fed lupins Each value is the mean (ϮSD) of the means of duplicate determinations on flour from pools of 6 g of mature seed from each of two plants, in the case of the lupins grown in soil or sand in the greenhouse. In the case of the field-grown seed, each value is the mean of the means of duplicate determinations on flour from 6-g samples of mature seed grown in the field in two different growing seasons. Total sulfur was determined separately; therefore, the total sulfur figures are not necessarily the perfect sum of the other two figures.
Lupin Growth Conditions Sulfur in Mature Seeds
Reduced
Oxidized Total mol g Ϫ1 dry wt
Quantification of Sulfur in Lupin Phloem Exudates
Sulfur in phloem exudates from developing pods aged between 21 and 35 DAF was quantified by XRFS after drying onto cellulose powder. The concentration of sulfur in the original liquid sample was calculated and was corrected using a calibration curve derived from measuring the sulfur in standard solutions. Samples of the standards were dried onto cellulose, and then quantified using XRFS. The values obtained for the amount of sulfur in the solid sample (micrograms per gram of dry weight) were used to calculate the apparent concentration of sulfur in the original solution. These calculated figures were plotted against the known concentrations of sulfur in the standards. The regression equations were for Na 2 SO 4 , y (observed concentration) ϭ 1.11x (known concentration) Ϫ 1.63, R 2 ϭ 0.99, and n ϭ 2 to 10. For glutathione, y ϭ 1.11x Ϫ 0.47, R 2 ϭ 0.99, and n ϭ 2 to 4. The XRFS method slightly under-estimated the concentrations of oxidized and reduced sulfur in the standard solutions. The detection limits were approximately 1.5 mm for oxidized sulfur and 0.5 mm for reduced sulfur. Millimolar concentrations of sulfur were found in the phloem of three cultivars of narrow-leaf lupin. All the sulfur detected was in the oxidized form (Table III) . Reduced sulfur was below the detection limit of the XRFS method; therefore, more sensitive methods were used to quantify specific reduced sulfur metabolites in phloem. Glutathione was quantified using the GR-DTNB recycling method and was found to be present at concentrations of approximately 100 m (Table III) (Fig. 2) . Protein bands of a molecular mass of approximately 14,000 to 20,000 were strongly labeled in the older seeds. These bands may correspond to lupin seed storage proteins that are relatively rich in Cys, for example conglutin ␦ (Lilley and Inglis, 1986). The most abundant conglutins, ␣ and ␤, occur as precursors of approximately 70,000 molecular mass (Gayler et al., 1984) in Coomassie Blue-stained protein from developing seeds at 35 DAF.
Enzymes of the Sulfur Amino Acid Biosynthetic Pathway in Organs of Lupin
The activities of three enzymes of the pathway of sulfur amino acid biosynthesis were assayed in ex- a Quantification using XRFS; all values were corrected according to calibration curves derived from measurement of standards as described in "Materials and Methods." For cv Warrah, the figures for oxidized S are means Ϯ SD; n ϭ 6 measurements on four independent phloem samples from two independent groups of plants; for cv Ilyarrie and cv Merrit, n ϭ 3 independent measurements on phloem from two independent sets of plants.
b Quantification by glutathione reductase-5,5Ј-dithiobis(2-nitrobenzoic acid) (GR-DTNB) recycling assay; the figures are means Ϯ SD; n ϭ 2 measurements on one phloem sample for each cultivar.
Table II. Sulfur in organs of nutrient-fed lupins
Values shown are the results of single determinations on finely ground, pooled, freeze-dried plant material. For each sample, 10 to 20 g of fresh material was harvested from a single nutrient-fed plant (on the same day as the 40 d after flowering [DAF] seed sample was taken for enzyme analysis) and then freeze dried. Organs from seeds aged between early (18 DAF) and late (35 DAF) maturation were pooled to give the cotyledon, testa, and whole seed determinations. The concentration of sulfur in the cotyledon was higher than in the testa, and therefore, higher than in the whole seed, which included the cotyledon and the testa. Total sulfur was determined separately, therefore, the total sulfur figures are not necessarily the perfect sum of the other two figures. tracts from leaves, pods, and cotyledons or testa from developing seeds of lupins grown in soil. The plant organs were all harvested when the developing seeds were aged approximately 30 DAF, that is, during the phase of rapid accumulation of seed storage proteins. The three enzymes that were assayed were Ser acetyltransferase (SAT), which supplies the amino acid skeleton for Cys biosynthesis; O-acetyl-Ser (thiol) lyase (OASTL), which catalyzes the combination of O-acetyl-Ser and sulfide to form Cys; and cystathionine ␤-lyase (CBL), one of the three enzymes specific to Met biosynthesis. The three enzyme activities were detected in all organs tested. The specific activity of SAT was highest in pod, followed by cotyledon, testa, and fully expanded leaf (Fig. 3A) . OASTL-specific activity was similar in cotyledon and testa of developing seed and in leaves, with the lowest specific activity in the pod (Fig. 3B) . The specific activity of OASTL in lupin leaves and developing seeds was approximately two orders of magnitude higher than that of SAT. Similar absolute and relative levels of SAT and OASTL have been reported in crude extracts of pea leaf protoplasts (Ruffet et al., 1995) . CBL-specific activity was highest in cotyledons of the developing seeds (Fig. 3C ). The specific activities of the enzyme were lower and similar in testa of developing seed, leaves, and pods.
Activities of Enzymes of the Sulfur Amino Acid Biosynthetic Pathway throughout Maturation of Lupin Seeds
Developing seeds from lupins grown in conditions of defined mineral nutrition with adequate sulfur supply were harvested at a range of stages spanning the phase of storage protein accumulation (Fig. 4) . The seed storage conglutins accumulated from 24 DAF onwards and dominated the total seed protein profiles in later stages (data not shown). The total , and CBL (C) in organs of narrow-leaf lupins grown in soil. For SAT and OASTL, means are plotted ϮSD, n ϭ 2 to 5 measurements on aliquots of a single extract from pooled samples representing approximately 50 seeds from a total of several plants (see "Materials and Methods"). The SDs for SAT in the cotyledon and testa were too small for the error bars to show in the figure. CBL measurements were done only once (on the same pooled sample representing 50 seeds) for the soil-grown lupins; however, these figures are in agreement with the CBL measurements on organs from lupins grown in sand and watered with nutrient (see Fig. 5 and Table  IV) , demonstrating the reliability of the CBL assay. protein content of the developing seeds increased with age, due to the accumulation of storage proteins (Fig. 4) . The activities of SAT, OASTL, and CBL were assayed in low-salt extracts from the developing seeds. To avoid distortion of specific activity estimates by the accumulation of storage proteins in older seeds we quantified enzyme activities in terms of low-saltsoluble protein that excluded the bulk of the seed storage proteins. Under the extraction and de-salting conditions used, the majority of the seed storage proteins were not soluble; therefore, the protein concentrations of the extracts were similar for all stages of developing seeds (protein concentrations for 18, 21, 24, 27, 30, 35, and 39 or 40 DAF extracts were 7.4, 8.8, 6.4, 7.5, 7.3, 8.6 , and 5.8 mg protein mL Ϫ1 , respectively).
The specific activity of SAT was highest in young seeds, but declined as development proceeded (Fig.  5A ). The level of OASTL was fairly uniform throughout seed development, tailing off slightly at 40 DAF (Fig. 5B) . The specific activity of CBL was relatively constant in developing seeds at the beginning, middle, and end of storage protein accumulation (Fig.  5C ). The activities of the three enzymes in developing seeds were compared with the activities of the same enzymes in other organs from the same plants. The levels of all three enzymes were generally as high or higher in developing seeds at mid-maturation, as in fully expanded leaves or in roots. This was true whether enzyme activity was expressed in terms of low-salt-soluble protein, chlorophyll, dry weight, or fresh weight (Table IV) .
Organic Sulfur in Mature Lupin Seeds
The total amino acid content was determined in acid-hydrolyzed samples of mature lupin seed flour (Table V) . We aimed to determine whether the observed activities of sulfur pathway enzymes in seeds were large enough to account for a significant proportion of the total Cys and Met accumulated by the mature lupin seed. We calculated the theoretical maximum amount of product that could be produced by each of the three enzymes examined in this study over the period of development during which seed storage proteins accumulated (Table VI) . From these calculations it was deduced that, at least judging from maximal enzyme activities in vitro, the amounts of SAT, OASTL, and CBL in the developing lupin seeds were more than sufficient to account for all the sulfur amino acid stored in protein in the mature seeds. 
DISCUSSION
The pathway of sulfur assimilation is now well characterized in plants (Fig. 1) . It is generally accepted that the energy for sulfur reduction comes from coupling with photosynthetic electron transport. On a whole-plant level, it is, therefore, assumed that sulfur reduction and sulfur amino acid biosynthesis occur largely in the leaves (Hell, 1997; Saito 2000) . Seeds, however, have a high requirement for amino acids, including Cys and Met, to support storage protein synthesis during maturation. Furthermore, developing seeds of many species contain appreciable levels of chlorophyll and some have been shown to be capable of electron transport and carbon fixation, presumably utilizing light transmitted through the pod wall in vivo (Atkins and Flinn, 1978; King et al., 1998) . In this study we examined the capacity of developing narrow-leaf lupin seeds for sulfur reduction and sulfur amino acid biosynthesis.
Seeds accumulate reserves of carbon, nitrogen, and sulfur during maturation. Developing seeds import carbon and nitrogen that was assimilated into reduced forms in other parts of the plant, most notably the leaves. Less is known about the sulfur nutrition of developing seeds. It has been reported that soybean seeds could be cultured in vitro with sulfate as their sole sulfur source (Holowach et al., 1984) . The fact that these seeds grew and accumulated storage proteins over periods of several days, albeit at nonphysiological rates, can be taken as indirect evidence for the ability of developing seeds to perform sulfur reduction and sulfur amino acid biosynthesis, at least when supplied with sulfate in culture. In a similar manner, it has been reported that sulfur from sulfate appeared in seed storage proteins in a cotyledonary slice labeling system from broad bean (Bailey et al., 1970) . Using a complementary approach, Macnicol (1977) reported that labeled, phloem-abundant amino acids were extensively metabolized to other amino acids, including Cys and Met, in isolated, developing cotyledons of pea.
In the present study we adopted a quantitative approach to assessing the importance of sulfur assimilation in the seeds of narrow-leaf lupin in vivo. It was demonstrated that oxidized S represents a significant pool of sulfur in lupin seeds under a range of growing conditions, and that phloem supplying developing lupin pods contained sulfur predominantly in the oxidized form. The phloem stream has been estimated to supply approximately 90% of the nitrogen that accumulates in fruits of white lupin (Pate et al., 1977) . It would, therefore, be expected that, if significant sulfur were supplied to the developing fruits of narrow-leaf lupin in the form of sulfur amino acids or other nitrogenous sulfur metabolites such as glutathione or SMM, these reduced forms of sulfur should be detectable in the phloem. Although sulfate is known to be phloem mobile, the impor- Enzyme activities were quantified initially on the basis of low-salt soluble protein (means Ϯ SD, n ϭ 2 to 4 measurements on aliquots of a single extract from pooled samples representing approximately 50 leaves or seeds from a total of several plants. The root sample consisted of approximately 20 g fresh wt from a single nutrient-fed plant; see "Materials and Methods").
b n.a., Not applicable.
tance of glutathione as a means of transporting reduced sulfur to sinks such as roots has been emphasized (Rennenberg, 1984) . It has been reported that sulfur in the phloem of canola is predominantly in the form of glutathione (Lappartient and Touraine, 1996) , whereas glutathione, S-methyl-Met, and sulfate have all been detected in the phloem of cereals, with sulfate constituting a relatively minor proportion of the total sulfur (Bourgis et al., 1999; Kuzuhara et al., 2000) . On the other hand, it was deduced from labeling studies in soybean that sulfate taken up in the xylem was rapidly transferred to the phloem, with glutathione being "quantitatively unimportant" in sulfur distribution to sinks within the plant (Smith and Lang, 1988) . Thus, the three major transported forms of sulfur may have different importance in different plants, with sulfate being the most important in narrow-leaf lupin during seed maturation. We report that developing lupin cotyledons are capable of utilizing the sulfur atom from sulfate in protein synthesis. It can, therefore, be deduced that developing lupin cotyledons are able to perform all the steps of sulfur reduction from sulfate to sulfide, as well as the subsequent steps of sulfur amino acid biosynthesis (see Fig. 1 ). We directly demonstrated the presence, in developing lupin seeds, of the two enzymes responsible for Cys biosynthesis. SAT catalyzes the initial reaction that activates Ser to produce O-acetyl-Ser, an important intermediate shown to have a key role in the control of the entire pathway of sulfur uptake and assimilation in plants (Saito, 2000) . OASTL catalyzes the synthesis of Cys from sulfide and O-acetyl-Ser (Fig. 1) . We also measured the activity of CBL as an indicator of the presence in seeds of the transulfuration pathway leading to Met.
We attempted to estimate the quantitative contribution of sulfur assimilation in developing seeds to the accumulated store of organic sulfur in the mature lupin seed. The specific activities of SAT, OASTL, and CBL were generally as high or higher in developing seeds as they were in photosynthetic source leaves from the same plants grown under sulfuradequate conditions in soil (Fig. 3) or in sand watered with nutrient (Table IV) . A similar conclusion was reached when enzyme activities were compared on the basis of chlorophyll content, dry weight, or fresh weight, all of which vary with time in developing seeds. However, the critical question is whether the enzyme activities measured in developing seeds are sufficient to account for the quantity of sulfur amino acids that accumulate during the course of maturation. To answer this question, the total activity of each enzyme was integrated over the period of seed maturation and storage protein accumulation (Table  VI) . The calculated capacity of the lupin seeds for sulfur amino acid synthesis can be compared with the actual quantities of organic sulfur found in the mature seeds (Table V) .
The maximal activities of SAT, OASTL, and CBL measured in developing lupin seeds were theoretically more than sufficient to supply all of the sulfur amino acids that accumulate in storage proteins during maturation. These calculations obviously represent only approximate maxima for these activities since they are derived using maximal rates of enzyme activity measured in protein extracts in vitro. This ignores the in vivo regulation of enzyme activities mediated by endogenous regulators such as products and substrates. Furthermore, we have measured total enzyme activities in crude extracts, thereby pooling the activities of the multiple isoforms of each enzyme that are known to be present in different subcellular compartments.
In the case of SAT, the total enzyme activity found in crude extracts of pea leaf protoplasts was divided between the plastids (10% of total), the cytosol (14%), and the mitochondria (76%, Ruffet et al., 1995) . OASTL activity was distributed fairly equally between the cytosol (44% of total) and the chloroplasts (42%) in extracts of spinach leaf protoplasts, with a minor proportion (14%) in the mitochondria (Lunn et al., 1990) . It has recently been suggested that this mitochondrial activity may be attributable to ␤-cyano-Ala synthase (Warrilow and Hawkesford, 1998) , although this is the subject of some debate (Berkowitz et al., 2000; Hatzfeld et al., 2000) . CBL activity was found exclusively in plastids in Arabidopsis leaves (Ravanel et al., 1998) . Assuming similar distributions of SAT, OASTL, and CBL activities between the different subcellular compartments in developing lupin seeds, as in leaves of other plants, we predict that there would be enough of any single isoform to supply sulfur amino acids for storage protein synthesis. It should also be noted that the (Fig. 4) . A mean activity was calculated for each enzyme over this period, and then multiplied by time to give a total maximum enzyme activity per gram of dry wt. It was assumed that each enzyme operated at maximum activity for 12 h a day and that seed flours contained an average of 55 mg of low-salt extractable protein g Ϫ1 dry wt. There is 1 M sulfur in each mole of product for OASTL (product is Cys) and CBL (product is homo-Cys). One mole of the product of SAT (O-acetyl-Ser) gives rise, in the subsequent reaction, to 1 M of cysteine. Thus, moles of product calculated in this table can be compared directly with moles of sulfur amino acid in Table V Within the lupin seed, higher activities of SAT, OASTL, and CBL were found in the cotyledon, compared with the testa (Fig. 3) . The cotyledon is embryonic tissue and is the site of synthesis of the seed storage proteins. At mid-maturation (30 DAF), the testa contributed 40% of the fresh and dry weight of the whole seed, but less than 10% of the SAT or CBL activity, and approximately 14% of the total OASTL activity in the seed. In addition, almost all of the chlorophyll in developing seeds was found in the cotyledon (results not shown), so if photosynthetic electron transport does contribute reducing power for sulfur reduction in the seed, this process would be more likely to be occurring in the cotyledon than in the testa.
At 30 DAF, the pod wall contributed as much of the total weight of the fruit as did the seeds, in plants grown in soil. The average dry weight of each seed was 76.4 mg, whereas the average dry weight of pod, per seed, was 72.2 mg. Despite its relatively large mass, the pod wall contributed only 10% as much CBL activity and 30% as much OASTL activity as the cotyledons, on a per seed basis. The pod contained a relatively high SAT-specific activity (Fig. 3) ; however, protein concentration in the pod was relatively low (extractable protein ϭ 2.9% of dry weight versus 7.3% of dry weight for the cotyledon), so on a per fruit basis, total SAT activity was actually higher in the cotyledons than in the pod.
Our work does not specifically address the role of the pod in the sulfur nutrition of developing seeds in lupin. In a study focussed on the distribution of sulfur in soybean during seed filling, it was argued that sulfate was assimilated in developing soybean pods and delivered to the expanding seeds as homoglutathione, under sulfur-limited growth conditions (Sunarpi and Anderson, 1997). Our finding that SATspecific activity is relatively high in developing lupin pods is consistent with this organ having a role in assimilation of sulfur en route to the seeds in narrowleaf lupin. However, the demonstration of sulfur assimilation in isolated lupin cotyledons and the predominance of the activities of OASTL and CBL, as well as high levels of SAT, in cotyledons seem more consistent with a major role for the embryo itself in sulfur assimilation. This interpretation is in agreement with the recently published finding that developing soybean seeds contain significant quantities of ATP sulfurylase, the first enzyme in the pathway of sulfur reduction (Sexton and Shibles, 1999). In this study the authors concluded that the developing seeds were the dominant sites of ATP sulfurylase activity in the plant during seed filling under field conditions. The soybean pods contained less than 10% as much ATP sulfurylase activity as the developing seeds.
In summary, we have demonstrated that developing lupin seeds contain large stores of oxidized S, that they are capable of utilizing the sulfur from sulfate in protein synthesis, and that they are therefore capable of all the steps of sulfur reduction and sulfur amino acid biosynthesis. Oxidized S was the dominant form of sulfur found in the phloem supplying pods during lupin seed development. Quantification of three enzymes central to the sulfur amino acid biosynthetic pathway indicated that developing lupin cotyledons have the potential to synthesize a significant part of the Cys and Met stored in mature lupin seeds. The accumulation of oxidized S in lupin seeds grown in sulfur-adequate conditions indicates that the rate of import of oxidized S exceeds the rate of reduction of sulfur in the cotyledon. This may be a limitation to the sulfur amino acid content of the seeds. Modification of the pathway of sulfur assimilation in developing seeds may, therefore, be a useful approach to improving the sulfur amino acid content, and hence the nutritional value of pulse seeds. Oxidized S accumulated in mature lupin seeds may act as a reserve for germination; however, it is not essential for successful germination, as demonstrated by the normal germination rate of lupin seeds lacking oxidized S after growth under conditions of sulfur limitation (results not shown). Our findings with narrow-leaf lupin might be expected to apply to other pulses with large, green seeds. However, the sulfur nutrition of cereal grains would probably be different, judging from the predominance of reduced sulfur in the phloem of rice and wheat (Bourgis et al., 1999; Kuzuhara et al., 2000) .
MATERIALS AND METHODS
Plant Material
Narrow-leaf lupins (Lupinus angustifolius L. cv Warrah) were grown under several different conditions to generate material for this study.
Soil-Grown Plants
Lupins were grown in soil containing 0.6 g L Ϫ1 slowrelease fertilizer ("Aboska," containing 15.2% [w/w] nitrogen, 6.9% [w/w] phosphorus, and 5.2% [w/w] potassium sulfate) in 25-cm pots in a controlled temperature greenhouse at 23°C during the day (12 h) and 18°C during the night. Each pot, containing 9 L of soil, received a supplement of 2 g of solid calcium sulfate (gypsum), which was applied to the surface of the soil when the plants started to flower. The phloem samples and the seeds used for labeling with 35 S (see below) were from lupin plants grown in soil as described, except that they did not receive a supplement of calcium sulfate. All these plants are referred to as soil-grown lupins. In addition, an analysis of sulfur content only was performed on mature seeds from lupins grown in the field at Wongan Hills in Western Australia.
Nutrient-Fed Plants
Six lupin (cv Warrah) plants were grown in a controlledtemperature greenhouse at 23°C during the day (12 h All pots were watered with 300 to 600 mL of nutrient once a day (until liquid started to drain from the pots) for 6 d a week. On the 7th d, plants received 600 mL of deionized water. In addition, during the second 3 months of growth, all pots were flushed with 600 mL of deionized water twice a week.
Sample Preparation
Phloem exudate samples were collected from developing pods aged between 21 and 35 DAF from soil-grown plants using the method of Pate et al. (1974) . The tips of developing pods were cut off with a new razor blade, and the resulting droplet of exuded phloem (approximately 30 L) was harvested within a few minutes using a disposable pipette tip. Phloem from several pods on the upper branches of several plants was pooled to produce samples of between 150 and 600 L.
Pooled samples of leaves, pods, or developing seeds were collected from each group of soil-grown or nutrientfed plants at various stages of development. Some of the seeds were dissected into cotyledons and testa. Each sample consisted of approximately 50 individual leaves or seeds representing several plants. Pod material represented approximately 12 to 15 individual pods at the same stage of development as the appropriate seed sample. The leaf samples used for enzyme analysis consisted of 10 to 15 g fresh weight of fully expanded leaves harvested on the same day as the 30 DAF seed samples. Between 5 and 23 g of leaf, stem, root, and developing pods with seeds were collected, for determination of sulfur content, from a single nutrientfed plant on the same day as the 40 DAF seed sample. Enzyme analysis was also done on the root sample. All samples were frozen in liquid nitrogen and were then freeze-dried. The dried samples were conserved in a sealed container, with silica gel, at 4°C for between 6 and 10 weeks, and then at room temperature for 1 week, before analysis. Seeds were harvested fresh for labeling with [ 35 S]sulfate.
Determination of Sulfur by XRFS
Solid Samples
Mature lupin seed samples weighing approximately 6 g (approximately 40 seeds) were milled to fine flour using a UDY Cyclone mill with a 0.5-mm screen. Other plant tissues were freeze-dried, and then pulverized using a puck mill. Powdered samples were compressed into aluminum planchettes or backed with solid boric acid. Total sulfur, reduced sulfur, and oxidized sulfur were determined using a spectrometer (PW 1404, Philips, Natick, MA) as described by Pinkerton et al. (1989) .
Liquid Samples
Liquid samples were analyzed by dripping 150 to 300 L of liquid onto approximately 350 mg of cellulose powder, drying it in a 60°C oven for 24 h, and then milling it to homogeneity in a puck mill. The concentration of sulfur in the original solution was calculated and compared with values calculated for the sulfur concentrations of standard solutions containing 300 mm Suc (to mimic the composition of phloem) and varying concentrations of sulfate or glutathione. Quantification of reduced sulfur gave the same results whether it was in the form of reduced glutathione (GSH), oxidized glutathione, or Met (results not shown). The solutions used for construction of a calibration curve were as follows: standard 1: 300 mm Suc, 5 mm GSH, and 5 mm Na 2 SO 4 ; standard 2: 300 mm Suc, 2.5 mm GSH, and 7.5 mm Na 2 SO 4 ; and standard 3: 300 mm Suc, 7.5 mm GSH, and 2.5 mm Na 2 SO 4 . Powdered samples were backed with solid boric acid and compressed in a die. Sulfur was quantified using XRFS as described above.
Determination of Glutathione by the GR-DTNB Recycling Method
Glutathione was measured using the spectrophotometric GR-DTNB recycling assay described by Noctor and Foyer (1998) . Each set of assays included glutathione standards and was performed in a microtiter plate; each assay was in a volume of 350 L. Samples were prepared in a volume of 30 L of 0.1 m HCl, 1 mm EDTA in the microtiter plate wells. The reaction was started by adding 300 L of assay buffer containing 120 mm NaH 2 PO 4 , pH 7.8, 0.6 mm DTNB, 0.1 mm NADPH, 6 mm EDTA, and 5 g mL Ϫ1 GR. The change in A 412 was monitored at 20-or 30-s intervals over a period of 3 to 5 min in a microtiter plate reader (Spectra-MAX, Molecular Devices, Sunnyvale, CA). The rates of change in absorbance in the glutathione standards were used to create a standard curve that was used to calculate the glutathione concentrations in the unknowns.
Labeling Lupin Cotyledons with [ 35 S]Sulfate
Developing seeds aged approximately 18 and 35 DAF were harvested from lupins grown in soil. These seed ages corresponded to early and late stages of seed storage protein accumulation, respectively (Gayler et al., 1984) . Coty-ledons were removed from the seeds within 30 to 60 min of the pods being harvested. The cotyledons from two seeds of each age were incubated, flat surface down, in a humidified Petri dish on a 20-L droplet of carrier-free Na 2 [
35 S]O 4 diluted 1:50 in sterile, distilled water, for 4 h at room temperature. After incubation, each group of four cotyledons was washed briefly in approximately 100 mL of water. The cotyledons were blotted dry and then a razor blade was used to slice off the part of the cotyledon that had been in direct contact with the 35 S label (slices were approximately 1 mm thick). Total protein was extracted from the pooled slices from each of the four cotyledons by homogenizing them in 500 L (approximately 4 volumes) of buffer containing 0.5 m NaCl, 1 mm EDTA, and 0.1 m TES [N-Tris(hydroxymethyl)-2-aminoethanesulfonic acid]-NaOH, pH 7.6. The homogenates were centrifuged at 10,000g for 10 min at room temperature. Four samples of 20 L of each supernatant were spotted onto filters (GFA, Whatman, Clifton, NJ) and were allowed to dry. After drying, two of each set of filters were washed four times in 200 mL of ice-cold 5% (w/v) trichloroacetic acid (TCA). Washed filters were then rinsed briefly in ethanol then acetone, and then dried thoroughly. The 35 S on the washed and unwashed filters was measured by scintillation counting using an external standard to correct for quenching, with a liquid scintillation counter (Minaxi␤, Packard Instrument Company, Meriden, CT).
Protein samples were electrophoresed on SDS-polyacrylamide gradient mini-gels (15%-30% [w/v] acrylamide) with equal numbers of TCA-insoluble counts loaded in each track. The gels were fluorographed after soaking in 20% (w/v) naphthalene, 0.5% (w/v) 2,5-diphenyloxazole in dimethylsulfoxide (Gill et al., 1981) .
Protein Extraction
Dried samples were ground to a fine powder in liquid nitrogen. For enzyme activity measurements protein was extracted from 250 to 500 mg dry weight of powder into 3.5 mL of a buffer containing 50 mm HEPES [4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid]-NaOH, pH 7.5, 1 mm EDTA, 5 mm MgCl 2 , 1 mm dithiothreitol (DTT), and 100 m pyridoxal phosphate. Each extract was desalted on a Sephadex G25 column (PD-10, Pharmacia, Uppsala), eluted in 50 mm HEPES-NaOH, pH 7.5, 1 mm EDTA, 5 mm MgCl 2 , and 0.1 mm DTT, and stored in aliquots at Ϫ80°C. Enzyme assays were performed on extracts thawed only once. The majority of the seed storage proteins precipitated during de-salting then thawing of the de-salted extracts. Thawed extracts were centrifuged at 10,000g for 10 min before quantification of protein (Bradford, 1976) . The concentrations of low-salt-soluble protein in extracts from all stages of developing seed were similar (approximately 8 mg protein mL Ϫ1 ), which was equivalent to approximately 6% of dry weight of the starting material. The amount of low-salt-soluble protein recovered from the other organs varied from 1.5% of dry weight (testa) to 2.9% of dry weight (developing pods), 7.3% of dry weight (cotyledons), and 7.6% to 11% of dry weight for leaf.
Enzyme Assays
SAT activity was assayed in a coupled reaction with excess purified, recombinant OASTL as described by Droux et al. (1998) . In addition to 20 L of lupin extract (containing approximately 160 g of protein), reactions contained 50 mm Tris-HCl, pH 7.5, 1 mm DTT, 10 mm Ser, 1 mm acetyl-coenzyme A, 2.5 mm Na 2 S, and 100 g mL Ϫ1 recombinant spinach chloroplast OASTL (purified from Escherichia coli), in a final volume of 100 L. Reactions were stopped by the addition of 50 L of 20% (w/v) TCA. The product of this reaction was Cys, which was measured using an acidified ninhydrin reagent (Gaitonde, 1967) .
OASTL activity was assayed as described (Droux et al., 1998) in a 100-L reaction containing 50 mm Tris-HCl, pH 7.5, 1 mm DTT, 10 mm O-acetyl-Ser, 2.5 mm Na 2 S, and 2 L (containing approximately 16 g of protein) of lupin extract. The Cys produced was quantified by the method of Gaitonde (1967) .
CBL activity was assayed by measuring the rate of hydrolysis of cystathionine to homo-Cys using HPLC (Droux et al., 1995) . Reactions contained 42 mm HEPES-NaOH, pH 8, 0.8 mm DTT, 4.2 mm cystathionine, and 50 L of lupin extract (approximately 400 g of protein) in 120 L of volume per time point. The reaction mix was incubated at 25°C, and at zero time, 10, 20, and 30 min, 120 L was transferred to a fresh tube containing 5 L of 100 mm monobromobimane (mBBr, Calbiochem, La Jolla, CA) in acetonitrile. This reaction was incubated at 25°C for a further 5 min before being stopped by addition of 50 L of 1 m methane sulfonic acid. mBBr-conjugated homo-Cys was separated using HPLC and fluorescence detection (Droux et al., 1995) . The homo-Cys was quantified by measuring peak areas using the Kromasystem 2000 software (Bio-Tek Instruments, Winooski, VT), and comparing with mBBrhomo-Cys standards.
Analysis of Amino Acid Composition
The amino acid composition of mature seeds was determined by complete hydrolysis of finely ground flour (with or without a prior oxidation step to convert Met residues to Met sulfone and Cys residues to cysteic acid). Oxidation was performed as follows. Oxidation mixture consisting of 0.5 mL of 30% (w/v) hydrogen peroxide and 4.5 mL of formic acid was prepared and kept for at least 1 h at room temperature in the dark. A sample of lupin flour weighing 100 mg was transferred to a 200-mL glass tube and the tube and the oxidation mixture were chilled in an ice bath. The oxidation mixture was added to the flour sample and was incubated on ice for 4 h, after which excess performic acid was destroyed by the addition of 0.8 g of sodium metabisulphite. After the oxidation step, the sample was hydrolyzed by adding 100 mL of 6 n HCl and boiling in a heating block at 120°C for 24 h. The sample was adjusted to a 200-mL volume, and then a 10-mL aliquot was evaporated to dryness and redissolved in 5 mL of water. The evaporation was repeated four times to eliminate any residual HCl. The sample was finally dissolved in 25 mL of lithium citrate buffer (9.4 g of tri-lithium citrate tetrahy-
